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Abstract  

This work aims at understanding the effect of the mesopore volume of ordered 

mesoporous carbons (OMCs) on their behavior as anodes for Li-ion batteries. To that purpose, 

the hard-templating method was used as an enabling tool, with the controlled partial etching 

of the silica template to prepare a series of OMCs with a wide range of mesopore volumes. 

The formed carbon-silica hybrids were processed into electrodes using a water-based ink 

preparation route in the presence of xanthan gum as a binder, which retained access to the 

pores after formation of the electrodes. The pore texture of the latter was compared to that 

of the starting powders. A very good linear relationship could be evidenced between the 

mesopore volume of the electrodes and the first insertion capacity of Li-ions. The lithium de-

insertion also followed a linear trend, but its behavior was dependent on the final applied 

potential. Indeed, the higher the mesopore volume, the higher the contribution of de-

insertion at elevated voltages. This study further points out the importance of the textural 

characterization of electrodes (instead of just the starting material) as well as the conditions 

at which the electrochemical measurements are carried out, especially the maximum applied 

de-insertion voltage. 
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1. Introduction 

Li-ion batteries are currently considered as being the most performant systems to 

power consumer electronics as well as hybrid or electric vehicles and a promising future is 

expected for their application in stationary storage of electricity produced from renewable 

resources, such as wind and photovoltaics [1]. Such widespread implementation of these 

rechargeable batteries arises from their high energy densities and long-term stability [2]. The 

most common Li-ion batteries in terms of energy density are based on LiCoO2 (LCO) cathodes 

together with graphitic anodes [3]. Graphite has a good cycle life and fast rate capability, but 

its theoretical capacity is limited to 372 mA.h/g, i.e. one Li ion per six C atoms, much lower 

than that observed for porous hard carbons for instance [4-6]. Among the latter, ordered 

mesoporous carbons (OMCs) represent a particularly attractive class of materials owing to 

their highly regular mesostructure. It has indeed been reported that such materials could 

exhibit specific capacities up to 1100 mA.h/g with good cycling stability, which has been 

attributed to their regular mesoporous structure being favorable to impregnation by the 

electrolyte [7-8]. The interest of such regular structures favoring the good diffusion of 

electroactive species through interconnected ordered mesopores was furthermore reviewed 

in detail by Eftekhari et al. [9-10]. Since the first study published in 2003 on the possible use 

of OMCs as anode materials for Li-ion batteries, several research groups have studied their 

behavior upon tuning their porosity, their composition, the fabrication route or by preparing 

composite materials [11-16]. As a common feature, OMC-based anodes usually show quite a 

good cycling stability, but, as for other hard carbons, suffer from high irreversible capacity 

losses during the first insertion/de-insertion cycle [7, 12]. 

Two methods exist for preparing OMCs. The most elegant and convenient pathway is 

probably the direct synthesis in the presence of a surfactant as a structure-directing agent, in 

a similar fashion as the strategy used for ordered mesoporous silica [16-22]. This direct 

synthesis nevertheless appears to be very sensitive to the preparation variables, especially the 

ageing temperature. The second, and most widespread option, was reported 20 years ago by 

Ryoo et al. and is based on the nanocasting route, where a mesoporous silica acts as a hard 
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template that leads to its carbon inverted replica [23]. This is accomplished upon infiltrating 

the pores of the silica by a suitable precursor, such as sucrose, furfuryl alcohol, acrylonitrile, 

phenol resin, propylene, acetylene or acetonitrile, followed by polymerization, carbonization 

and etching of the inorganic template [24]. Among the rich variety of carbon precursors, 

creosotes have recently been used successfully for the preparation of OMCs [25]. Creosotes 

consist of a complex mixture of polycyclic aromatic hydrocarbons and represent a low-value 

product arising from the distillation of coal tar. The valorization of such products into highly 

structured carbons for energy storage or other applications such as adsorption is thus of great 

interest. 

Previous studies have shown that the behavior of porous carbons as anodes for Li-ion 

batteries can be strongly influenced by the pore texture of the investigated materials [26-27]. 

Carbon xerogels have been shown to be interesting model materials since their pore texture 

can easily be modulated, even selectively, allowing for correlating single parameters with the 

data arising from electrochemical measurements. To go a step further in this approach, 

valuable information could also be retrieved from porous carbons that display an ordered 

porous texture (e.g. using OMCs). 

The aim of the present work is thus to study more in-depth the electrochemical 

behavior of OMCs as anodes for Li-ion batteries, focusing in particular on the influence of the 

mesopores on the accessibility of Li+ ions to the carbon nanostructure. Owing to the flexibility 

of the hard-templating route, choice was made to prepare a series of materials where the 

silica template was only partially removed. This has led to OMC-SiO2 hybrids with various SiO2 

contents, thereby modulating the fraction of mesopores that become available for Li ion 

storage. In addition, the materials were processed into electrodes by using a water-soluble 

binder that has been shown to preserve the accessibility to the pores of the material to the 

electrolyte, and so the Li ions, so that the influence of porosity can be really evidenced [27]. 

Likewise, to the best of our knowledge, this is the first time that hard-templated OMCs were 

processed into electrodes with water as a solvent, getting rid of the classically used toxic 

organic solvents, like NMP (N-methyl pyrrolidone) for instance. 
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2. Materials and Methods 

2.1 OMCs from creosote 

The OMCs were prepared using creosote as the carbon precursor following a hard 

template method that has been recently described [25]. Briefly, the creosote was mixed with 

sulfuric acid and two phases with different densities were obtained. The high-density phase 

was used for the infiltration of the ordered mesoporous silica (OMS) template (SBA-15, 

synthesized as described in reference [25]). The amount of carbon precursor loaded in the 

template was ~ 65.6 wt.%. The OMS/carbon precursor composite was carbonized at 950 °C 

under argon flow to obtain an OMS/carbon hybrid with ~ 39.4 wt.% of carbon. Approximately 

1.5 g portions of the OMS/carbon hybrids were etched by stirring in 75 ml of NaOH solutions 

with different concentrations at 40 °C for 24 h, so that the amount of SiO2 remaining in the 

final product (i.e. OMC/SiO2 hybrid) could be controlled and modulated. The samples were 

denoted as OMCreo-SXS, where XS stands for the amount of silica remaining in the composite, 

in weight percentage. 

2.2 Characterization of materials 

The amount of carbon precursor infiltrated in the silica template was estimated in a 

thermobalance (SDT Q600 from TA Instruments) from the weight loss after combustion of the 

carbon fraction of the sample in air at 850 °C for 1 h. The microscopic morphology of the 

samples was studied by field emission scanning electron microscopy (FE-SEM, Quanta FEG 650 

microscope, from FEI, operating at 25 kV). An AMETEK-EDAS microanalyzer with Apollo X 

detector was used for elemental microanalysis by energy dispersive X-ray (EDX) spectroscopy. 

The structure of the materials was analyzed by transmission electron microscopy (TEM; 2000 

EX-II from JEOL, operating at 160 kV) as well as by X-ray diffraction (XRD, D5000 diffractometer 

from Siemens). The porous texture of the materials was examined by physical adsorption of 

N2 at -196 °C in a volumetric analyzer (Micromeritics ASAP 2410). The samples were degassed 

at 120 °C under vacuum overnight prior to the measurements. The specific surface area, SBET, 

was calculated using the BET (Brunauer-Emmet-Teller) equation from the data in the relative 

pressure range of ca. 0.01 - 0.10 and the total pore volume, VT, was deduced from the amount 

of adsorbed N2 at a relative pressure of 0.99. The micropore volume, Vµp,DR, was calculated by 

applying the Dubinin-Radushkevich method to the adsorption isotherms [28], and the 
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mesopore volume, Vmeso, was estimated as Vmeso=VT ‒ Vµp,DR. The pore size distribution (PSD) 

of the materials was calculated by applying the non-local density functional theory to the N2 

adsorption isotherms using the slit/cylindrical pore model. 

2.3 Processing of the materials into electrodes 

A powdery mix containing the chosen OMC/SiO2 hybrid and xanthan gum (XG, Sigma-

Aldrich, binder) was suspended in ultra-pure water to form a homogeneous slurry, with mass 

fractions of 92 and 8 wt.% for the active material and the binder respectively. Note that no 

additional conductive additive was used in the present case. The mass fraction of solids was 

set at 7 wt.%. The formed ink was then sprayed manually (Harder & Steenbeck Evolution 

Silverline 2, nozzle size: 0.4 mm) on pre-weighed copper disks (Ø: 14 mm, MTI corporation) as 

well as stainless steel disks (Ø: 15.5 mm, MTI corporation, SS 304), that were kept in place on 

a protecting aluminum foil put on top of a vacuum plate.  The formed electrodes were left to 

dry for 1 h at ambient temperature and overnight at 60 °C. Following this step, the electrodes 

were weighed, giving access to the accurate mass of active material. After an additional drying 

step for 2 h under vacuum at 120 °C, the electrodes were introduced into an Ar-filled glovebox 

(MBraun). The excess of dry ink sprayed next to the electrodes on the protecting aluminum 

foil was scratched-off from the support and recovered, yielding a powdery active material-

binder composite that displays the same textural parameters as those of the electrodes. 

2.4 Electrochemical characterization of the materials as anodes for Li-ion 

batteries 

The electrochemical measurements were carried out in CR2032 coin cells, where the 

tested material acted as the positive electrode and a Li-metal disk as the negative, reference 

and counter electrode. A Celgard® separator soaked with 80 µL of LP71 (1 M LiPF6 in ethylene 

carbonate, diethylcarbonate, dimethylcarbonate, EC:DEC:DMC 1:1:1) electrolyte was placed 

in-between. The cell assembly was performed in an Ar-filled glove-box (MBraun). Charge-

discharge cycles were recorded in galvanostatic mode, first for 100 cycles at 50 mA/g, followed 

by another 100 cycles at 100 mA/g. The rate capability was assessed by applying increasing 

currents (50-100-200-500 mA/g) for 10 cycles each and this procedure was repeated several 

consecutive times. Note that the data are reported as per gram of active material, i.e. the 

OMC/SiO2 hybrids. The potential window was fixed between 0.005 and 1.5 V or 3.0 V vs. Li+/Li. 
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The measurements were carried out with a potentiostat (Biologic VMP3 multichannel) or a 

battery tester (Neware BTS 5 V / 10mA) at a controlled temperature of 25 °C. Cyclic 

voltammetry was also performed in the same voltage range at a scan rate of 0.05 mV/s. The 

reproducibility of the results was ensured upon characterizing at least 3 cells of each 

composition and for each testing procedure. 

3. Results and discussion 

3.1 OMC/SiO2 hybrids through partial dissolution of the silica template 

The partial dissolution of the silica was possible because no covalent bonds were 

expected to form between the silica surface and the carbon material in the OMC/SiO2 hybrid. 

The surface of ordered mesoporous silica, as well as of silica in general, comprises different 

proportions of silanol and siloxane groups depending on the specific treatment the silica has 

been subjected to [29]. The OMS used in this work was calcined at 550 °C for 6 hours to remove 

the surfactant. This treatment is expected to reduce the number of surface silanol groups, 

which are transformed into siloxane groups through condensation and loss of a water 

molecule. Some of the siloxane groups could be converted back to silanol upon exposing the 

silica to the ambient atmosphere. During the infiltration of the acidified carbon precursor 

and/or during the heat treatment of the OMS/carbon precursor composite, it is in principle 

conceivable that covalent bonds could be formed between the silica and the infiltrated 

precursor or carbon material that is being generated. The most reasonable pathways for such 

a covalent bonding to arise would be by condensation reactions of a silanol with a hydroxyl 

group from an organic molecule present in the carbon precursor to give an ether linkage plus 

a water molecule, or with a carboxylic acid group to give an ester linkage plus a water 

molecule. For example, when hydroxyl group-containing sucrose or furfuryl alcohol are used 

as the carbon precursor, the formation of ether linkages with the silica template is a likely 

possibility. However, in a previous work, it was determined that the composition of the carbon 

precursor used here to infiltrate the OMS (creosote) was made up of a mixture of hydrophobic 

aromatic hydrocarbons, with no significant amounts of hydroxyl or carboxyl groups [25]. It can 

therefore be concluded that silica-carbon covalent bonding was not generated to any 

significant extent in the present samples, and only non-specific, dispersive interactions are 

expected to arise between the silica and the carbon components. 
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On the other hand, silica is dissolved in aqueous solutions at pH values above 9 through 

the hydrolysis of Si—O—Si bonds as [30]: 

𝑺𝒊𝑶𝟐(𝒔) + 𝟐𝑯𝟐𝑶 ⇔ 𝑺𝒊(𝑶𝑯)𝟒 (1) 

The resulting silicic acid is released into the aqueous phase and it can be dissociated into 

different silicates such as [31]:  

𝑺𝒊(𝑶𝑯)𝟒 + 𝑶𝑯− ⇔ (𝑯𝑶)𝟑𝑺𝒊𝑶
− +𝑯𝟐𝑶 (2) 

To controllably remove the silica component from the OMC/OMS hybrid, it can be 

noted that the solubility of silica strongly depends on both the temperature and the pH of the 

aqueous solution [31-32]. At a relatively low temperature (e.g. 40 °C) the rate of dissolution is 

low enough so that the fraction of silica dissolved can be readily regulated by the pH of the 

solution. Thus, the OMC/SiO2 hybrid was dispersed in NaOH solutions under stirring at an 

initially controlled pH between 12.6 and 14.0 at 40 °C for 24 h. Figure 1 shows that the amount 

of silica that remains in the hybrid can be accurately controlled by changing the molar ratio of 

the OH- ions available in the dissolving solution relative to the initial SiO2 in the hybrid. This is 

because the dissolved silica (calculated from the Xs values of the initial OMC/SiO2 hybrid and 

of the samples obtained from it, see Supporting Information) increased almost linearly with 

the OH-/SiO2 molar ratio (see secondary axis in Figure 1). 

Figure 1. Remaining silica in the OMC/SiO2 hybrids as a function of the OH-/SiO2 ratio. 
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The pore texture characterization shows that the OMS/carbon hybrid displays a type 

IVa N2 adsorption/desorption isotherm according to the IUPAC classification [33], typical of 

mesoporous materials, indicating that some porosity remained accessible to the NaOH 

solution (see Figure 2). During the polymerization and carbonization processes, carbon 

precursors are known to shrink to different extents depending mainly on their nature (e.g., 

sucrose shrinks up to 70 vol.% [34]), but in any case such a contraction is generally much larger 

than that experienced by silica  (only 3 to 6 vol. %, and mainly related to the condensation of 

silanol groups into siloxanes [35]). In the present case, the contraction of the precursor is not 

expected to be very consequent due to the highly aromatic nature of the precursor, but 

nonetheless larger than that of the OMS template. Furthermore, the maximum amount of 

carbon in the composite was 62.6 wt.%, which is somewhat lower than the theoretical 

maximum the SBA-15 used here as template can take up (71.1 wt.%). This, together with the 

precursor contraction during polymerization and heat treatment, should leave a certain 

porosity in the carbonized composite (sample OMCreo-S62.6), which in turn should lead to 

gaps/voids at the interface between the silica and the carbon. 

 

Figure 2. N2 adsorption-desorption isotherms of the OMC/SiO2 hybrids with different residual 

silica contents. () 3.9wt.%, () 9.8 wt.%, () 25.0 wt.%, (×) 40.4 wt.%, () 53.4 wt. wt.% 

and () 62.6% residual SiO2. The data are reported as per gram of hybrid material. 

 

TEM observations were considered to visualize the distribution of the residual silica 

within the OMC/SiO2 hybrids. However, this was discarded for practical reasons. In the case 

of the hybrids with a high residual silica content, there will be hardly any contrast between 

the carbon and silica components due to their very similar density. On the opposite, when 
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more silica is removed and, consequently, larger voids develop around the carbon rods of the 

OMC particles, an enhanced image contrast within the particles should start to appear. 

However, ascribing in this case specific features seen in the spaces between neighboring 

carbon rods to the residual silica is extremely challenging. Doing this with confidence requires 

the carbon rods from the OMC particles to be perfectly aligned with the electron beam of the 

microscope, which is hardly ever achieved; otherwise, any contrast that could be observed in 

the space apparently located between carbon rods would arise from the carbon rods 

themselves. Moreover, even if perfect alignment was attained, contrast within the voids could 

very well arise from the presence of the thin carbon bridges that are known to connect 

neighboring, parallel carbon rods [36]. Hence, the TEM of the sample with the lowest amount 

of residual silica (3.9 wt.%) showed that the voids between the carbon rods were clearly 

discernible (see Fig. SI 2 in Supporting Information), and some contrast within these voids can 

also be noticed. Nevertheless, it is not possible to determine if such a contrast results from 

the residual silica, the carbon bridges or some misalignment of the carbon rods. Therefore, 

the distribution of silica was determined by other methods. Figure 3a and b show the 

backscattered electron micrograph and the distribution of Si on the partially etched OMC/SiO2 

hybrid with XS = 42.4 wt.%, obtained by EDX, respectively. Si is distributed homogeneously all 

through the hybrid (see Figure 3b), suggesting that the removal of silica took place not only 

on the external part of the SBA-15 particles but rather on their bulk. 

Figure 3. Backscattered electron micrograph (a), mapping of Si (b) and secondary electron 

micrograph (c) of the OMC/SiO2 hybrid with XS = 42.4 wt.%, obtained by FE-SEM. 

The XRD pattern of the sample with the lowest SiO2 content in this study (XS = 3.9 wt.%) 

shows a sharp peak at 2= 1.00°, corresponding to the (1 0 0) reflection, and two less intense 

peaks at 2= 1.76° and 2.01° that correspond to the (1 1 0) and (2 0 0) reflections, respectively 

(see Figure SI 3). This XRD pattern is very similar to that of the SBA-15 template, indicating 

that the mesostructure of the template was well replicated even after the harshest NaOH 

a b c 
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washing. As the silica ratio increased, the (1 0 0) peak became less noticeable, but it was still 

observed as a shoulder for XS = 25.0 wt.% and disappeared at XS = 40.4 wt.%. This was due to 

the fact that a large amount of SiO2 remaining in the pores of the carbon matrix blocked the 

mesopores, so the patterns showed no peaks. 

In spite of the lack of peaks in the XRD patterns of the OMC/SiO2 hybrids with XS above 

40.4 wt.%, all of the samples display type IVb N2 adsorption/desorption isotherms, according 

to the IUPAC classification, with an H2 hysteresis loop [33] typical of mesoporous materials 

with a relatively homogeneous pore size distribution (see Figure 2). As the remaining SiO2 

content decreased, the adsorbed volume increased, mainly due to the increase of the 

available mesopore volume. If the silica removal by the NaOH etchant did not take place 

homogeneously, first the outermost parts of the silica in the carbon-silica composite particles 

would be removed, while the innermost parts should be the last to be eliminated in a 

continuous, inward etching progression. The etched particles therefore would consist of an 

inner core made up of carbon completely filled with (the remnant) silica, surrounded by an 

outer section of essentially silica-free carbon having a well-developed mesoporosity. The size 

of this inner core would become smaller as the amount of residual silica in the samples is 

decreased. Under this scenario, the evolution of the pore size distribution for the increasingly 

etched samples would be dominated by the progressive emergence of a component 

corresponding to the final mesopore size of the fully liberated carbon (i.e., pores about 5.6 nm 

wide). As the amount of residual silica in the samples is decreased, this component in the pore 

size distribution would steadily increase in intensity, but its position (i.e., the size of the 

corresponding pores) would be expected to remain unaltered. Nevertheless, such an 

evolution was not actually observed in the pore size distribution of the samples (Fig. SI 4 in 

the Supporting Information). Instead, a new component that could be ascribed to silica 

removal was indeed seen to progressively emerge, but its position clearly shifted to larger 

pore sizes as the amount of residual silica was decreased. This result is more consistent with 

a homogeneous etching of silica in the composite particles (i.e., both outer and inner regions 

of the particles are etched simultaneously at comparable rates), rather than with a progressive 

inward etching of the particles. We believe that the reason for this behavior lies in (i) the 

relatively small size of the individual silica-carbon composite particles (between a few and 

several hundreds of nanometers along their cross section, as shown by the FE-SEM images 
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(Fig. SI 5 of the Supporting Information) [25], (ii) the presence of gaps/voids at the interface 

between the silica and carbon components throughout the composite particle and (iii) the 

relatively long etching time (24 h) applied in all cases, regardless of the final amount of residual 

silica left behind in the samples. As a result, it is very likely that the aqueous NaOH solution is 

able to reach even the innermost parts of the composite particle in a time that is short relative 

to the total etching time, implying that both its outer and inner regions will be etched at similar 

(or at least not very different) rates and that the distribution of the residual silica in the 

resulting OMC particle will be more or less homogeneous. 

 

Table 1: Textural properties of the OMC/SiO2 hybrids (powder) and corresponding electrodes 

with different amounts of residual SiO2.The data are reported as per gram of hybrid material. 

a Calculated by the BET equation in the P/P0 range 0.01-0.10 [37]. 

b Calculated by the Dubinin-Radushkevich method with an accuracy of ± 0.01 cm³/g [28]. 

c Vmeso = VT ‒ Vµp,DR. 

 

Sample 
XS 
(wt.%) 

 SBET
a 

(m2/g) 
VT

 

(cm3/g) 
Vµp

b 

(cm3/g) 
Vmeso

c 

(cm3/g) 

OMCreo-S62.6 62.6 
Powder 400 0.27 0.15 0.12 

Electrode 33 0.074 0.013 0.061 

OMCreo-S58.6 58.6 
Powder 380 0.28 0.14 0.13 

Electrode 146 0.074 0.006 0.11 

OMCreo-S53.4 53.4 
Powder 487 0.30 0.20 0.10 

Electrode 388 0.25 0.15 0.10 

OMCreo-S42.4 42.4 
Powder 572 0.45 0.23 0.28 

Electrode 528 0.44 0.21 0.25 

OMCreo-S40.4 40.4 
Powder 618 0.55 0.25 0.30 

Electrode 557 0.49 0.22 0.27 

OMCreo-S25.0 25.0 
Powder 798 0.84 0.32 0.52 

Electrode 516 0.65 0.21 0.44 

OMCreo-S18.6 18.6 
Powder 745 0.75 0.30 0.54 

Electrode 675 0.75 0.27 0.54 

OMCreo-S9.8 9.8 
Powder 916 1.03 0.37 0.77 

Electrode 844 1.02 0.34 0.76 

OMCreo-S3.9 3.9 
Powder 1000 1.24 0.40 0.84 

Electrode 954 1.19 0.38 0.81 
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The above-described results show that it is possible to partially and controllably 

remove a silica fraction of the template, leading to a full series of OMC/SiO2 hybrids that 

display increasing pore volumes as the amount of remaining SiO2 is decreased (see Table 1). 

As such, the hard-templating method turns out to be an enabling tool to get access to OMC 

structures with a modulated porosity. It will thus be possible to study the influence of the 

mesopores of these materials on the electrochemical behavior when used as anodes for Li-ion 

batteries, as described in the next section. 

3.2 Electrochemical behavior of OMC/SiO2 hybrids as anodes for Li-ion batteries 

Figure 4 shows the first cycle insertion behavior of the OMC/SiO2 hybrids as a function 

of the residual silica content, at a fixed current of 50 mA/g. A very high value of Li+ insertion 

was recorded for the sample with the lowest residual SiO2, with a capacity higher than 2000 

mA.h/g (Table 2). Such a high value is common for porous hard carbons and can be ascribed 

to the high accessible surface of such materials, in comparison to graphite, where the first 

insertion is theoretically limited to 372 mA.h/g, which corresponds to one Li+ for six carbons 

(LiC6). As can be seen on the left-hand graph, the quantity of Li+ ions that can be hosted by the 

materials decreased monotonically as the residual silica increased. Interestingly, the first-cycle 

insertion voltage profiles also changed with SiO2 content, with a plateau that was 

progressively shifted towards lower voltages.   

 

Figure 4. (a):First cycle insertion capacity as a function of residual silica contents. The insert 

represents the evolution of capacity with the silica contents plotted in a linear scale; (b): 

corresponding voltage-capacity curves.() 3.9wt.%, () 9.8 wt.%, () 25.0 wt.%, (×) 40.4 

wt.%, () 53.4 wt.% and () 62.6 wt.% residual SiO2. 

a b 
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If the de-insertion (charge, Qrev) up to 1.5 V vs. Li+/Li is considered, only part of the Li 

ions could be retrieved (Table 2). As a matter of fact, considering the sample with the lowest 

residual silica for instance, the charge capacity only reached 334 mA.h/g, which was only 17 

% of the amount inserted during the first discharge. Such huge losses correspond to the 

irreversible capacity, i.e. the Li+ ions that are irreversibly entrapped within the porous carbon 

structure. The irreversible capacity was calculated by subtracting the charge (de-insertion) 

capacity from the discharge (insertion) capacity at the first cycle. Such behavior is especially 

marked for hard carbons and mostly attributed to strong entrapment within the micro- or 

mesopores of the materials, in addition to the huge formation of a solid electrolyte interface 

(SEI). One can get a better insight into the first cycle behavior by considering the relative 

irreversible losses, i.e. the Qirr/Qrev ratio that takes into account both the irreversible losses 

and the reversible capacity contribution, irrespective of the mass of active material. Ideally, 

this ratio should tend to zero. Considering Table 2, values up to 5.3 were calculated. This ratio 

nevertheless continuously decreases down to a value of ~2.0 with increasing residual SiO2 

contents. 

Although the behavior in terms of relative irreversible losses is improved in this case, 

the absolute value of de-insertion capacity also decreased with increasing SiO2 content, 

ultimately yielding a value that was half the one recorded for the material with the lowest 

silica content. The values discussed here refer to calculations made from data when the charge 

(de-insertion) was carried out up to a voltage of 1.5 V vs. Li+/Li. Indeed, the working conditions 

should be as close as possible to those of an anode material in a real Li-ion battery. Knowing 

that the Li+ insertion/de-insertion in cathodes such as LiCoO2 or LiFePO4 takes place at around 

3.5 V vs. Li+/Li, the anode (carbon) should work at the lowest possible potential, such that the 

voltage of the full battery is maximized. Nevertheless, it has been shown previously that very 

distinct conclusions can be drawn depending on the final potential applied for the charge (de-

insertion) step of porous hard carbons [27]. Additionally, studies in the literature are generally 

performed in a wider potential window (up to 2.0 or 3.0 V vs. Li+/Li). For that reason, the final 

voltage was raised up to 3.0 V vs. Li+/Li in order to get a better insight into the behavior of the 

hybrid materials studied here, still keeping in mind that these values can be very different 

from the real electrode working conditions. 
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Table 2: Numerical values associated with electrochemical measurements at the first cycle of 

charge-discharge of the half-cell, at a fixed current of 50 mA/g and at a maximum potential 

value of either 1.5 V or 3.0 V vs. Li+/Li. 

  1.5 V vs. Li+/Li  3.0 V vs. Li+/Li  

Residual 

SiO2 

(wt. %) 

 
Qins

a 

(mA.h/g) 

Qrev
b 

(mA.h/g) 

Qirr/Qrev
c 

(-) 

 
Qins

a 

(mA.h/g) 

Qrev
b 

(mA.h/g) 

Qirr/Qrev
c 

(-) 

 

  ± 5 % ± 5 % ± 0.1  ± 5 % ± 5 % ± 0.1  

3.9  2099 334 5.3  2073 974 1.1  

9.8  1753 317 4.5  1766 835 1.1  

25.0  1344 245 4.5  1368 637 1.1  

40.4  990 189 4.2  1003 470 1.1  

42.4  822 171 3.8  827 392 1.1  

53.4  620 150 3.1  613 286 1.1  

58.6  532 145 2.7  517 262 0.9  

62.6  520 172 2.0  503 264 0.9  

a Insertion capacity at the first cycle of discharge of the half-cell. 

b Reversible capacity at the first cycle corresponding to the charge of the half-cell. 

c Ratio between the irreversible capacity and the reversible capacity at the first charge-discharge 

cycle. The Irreversible capacity at the first cycle of charge-discharge is calculated by: Qirr = Qins-Qrev 

(Qins corresponds to the capacity at the first discharge and Qrev corresponds to the capacity at the 

first charge).  

 

As can be noticed from the second set of data of Table 2, the reversible capacity 

became much higher in this case with values up to 974 mA.h/g for the sample bearing the 

lowest SiO2 contents, almost three times higher than that reached if the maximum potential 

was set at 1.5 V vs. Li+/Li. Such a high value is consistent with that recorded for CMK-3 ordered 

mesoporous carbons as reported by Zhou in 2003 [7]. The insertion at the first cycle remains 

the same, since it is independent of the applied charge voltage. As a result, the Qirr/Qrev ratio 

sharply dropped down to a value of 1.1. From this observation, it becomes evident that a 

higher potential is needed to retrieve a large part of the Li+ ions entrapped within the porous 

material at the first cycle. Again, the de-insertion capacity decreased with increasing the 
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residual silica content of the hybrid porous materials, the values still remaining higher than 

those recorded for the investigations made at 1.5 V vs. Li+/Li (Figure 5). Interestingly, all the 

values of Qirr/Qrev ratio were very similar in this case, except for the non-etched materials (58.6 

and 62.6 wt.% SiO2),which exhibited a somewhat different behavior, as will be seen further 

below. 

 

Figure 5. First cycle de-insertion capacity as a function of residual silica contents. The dark 

(bottom) bars represent the capacity recorded at 1.5 V vs. Li+/Li whereas the light (upper) bars 

correspond to the additional capacity recorded up to 3.0 V vs. Li+/Li. 

 

Figure 5 also gives a better view of the evolution of de-insertion capacity, by 

decoupling the data between 0 and 1.5 V vs. Li+/Li, and between 1.5 and 3.0 V vs. Li+/Li, for all 

of the investigated hybrid compositions. One can clearly observe that the additional 

contribution between 1.5 and 3.0 V vs. Li+/Li was the highest for the samples with the lowest 

silica contents and that this relative contribution decreased markedly with the higher loadings 

of SiO2.  

As can be seen from the textural characterizations of the hybrid materials, the overall 

porosity and especially the mesopore volume decreases when the amount of residual SiO2 

becomes higher (Table 1). In order to correlate the pore texture with the electrochemical 

behavior, it is however important to characterize the porosity of the electrodes themselves, 

as it could very well be quite different from that of the pristine powder [27]. Indeed, electrodes 

contain the active material, but also a binder that could, as shown before, alter the porosity, 

and so also the accessibility of Li+ ions to the structure of the investigated material [27, 38].  
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Previous studies involving the use of the water-soluble xanthan gum as a binder for carbon 

xerogel-based anodes showed that the texture of the electrodes was the same as that of the 

pristine powder [27]. However, the results reported in Table 1 of the present study show some 

divergences. As a matter of fact, the porosity of the material processed as an electrode was 

always lower than that of the corresponding starting powder. Moreover, the loss of porosity 

seemed to be more pronounced as the relative amount of residual silica was increased, though 

no direct correlation could be established. The reason for the change in porosity can be 

ascribed to the interactions of the surface with the solvent. Indeed, as shown by Rey et al., 

the pore blocking by a binder is mainly influenced by the affinity of the solvent with the surface 

of the porous material [38]. In the present case, it can be hypothesized that the residual silica 

rendered the material more hydrophilic (via silanol moieties), allowing the water-soluble 

binder to penetrate more deeply in the structure, and so blocking the porosity. This could 

explain why the pore blocking became more pronounced as the amount of remaining silica 

was higher. Owing to the observed differences, the pore texture data of the electrodes were 

taken into consideration and correlated with the electrochemical behavior of the materials. 

Figure 6a shows the evolution of the first cycle insertion capacity as a function of the 

mesopore volume of the material-binder composites (electrodes), for all the investigated 

compositions. 

 

Figure 6. (a) First cycle insertion (discharge) capacity as a function of mesopore volume of the 

electrodes; (b) first cycle de-insertion (charge) capacity as a function of mesopore volume of 

the electrodes. () Capacity between 0 and 1.5 V vs. Li+/Li, () capacity between 1.5 and 3.0 

V vs. Li+/Li, () capacity between 0 and 3.0 V vs. Li+/Li. 

 

a b 
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The quantity of Li+ ions that could be inserted within the structure during the first discharge 

shows a clear linear dependency with the mesopore volume of the OMC/SiO2-binder 

composite electrodes. In accordance with other studies dealing with hard-templated 

mesoporous carbons, high insertion capacities can be correlated with the high mesopore 

volume of the materials [39]. The present study nevertheless gives a deeper insight, since the 

partial etching of the silica has provided a range of materials with increasing mesopore 

volumes, thus affording a direct linear relationship between the first insertion capacity and 

the mesopore volume of the hybrid OMC/SiO2 material. 

Figure 6b represents the data corresponding to the first charge, i.e. the first de-

insertion of Li+ ions from the porous structure, with the charge carried out up to 3.0 V vs. Li+/Li 

(upper curve). Clearly again, one can derive a good linear correlation between the amount of 

recovered Li+ ions and the mesopore volume of the materials processed as electrodes. 

Additional information can be obtained upon decoupling the contributions between 0 and 1.5 

V vs. Li+/Li from those between 1.5 and 3.0 V vs. Li+/Li. Both sets of data individually give rise 

to a linear dependency of the reversible capacity with the mesopore volume. However, the 

slope of the evolution between 1.5 and 3.0 V vs. Li+/Li is steeper. This means that the relative 

fraction of ions that could be retrieved from the structure was larger at the higher de-insertion 

potential for materials with higher mesopore volumes. Briefly stated, a high amount of 

mesopores renders the material accessible to a large quantity of Li+ ions (Qins increases with 

Vmeso), which become however more difficult to extract (higher voltage needed) due to strong 

interactions with the host structure. This observation again underlines the importance to pay 

attention to the potential window that is used upon characterizing such a material. Indeed, 

very high capacities are often reported, but the Li+ extraction takes place at too a high 

potential, which is quite useless if the anodes are to be used in real batteries. It should be 

emphasized again that such type of correlations are made possible owing to an in-depth 

textural characterization of not only the starting materials, but also their counterparts 

processed as electrodes in the presence of a binder. 

The cycling stability of the materials was evaluated by charging-discharging the cells 

for 100 cycles at 50 mA/g followed by another 100 cycles at 100 mA/g, and the cut-off voltage 

set at 1.5 and 3.0 V vs. Li+/Li. When de-insertion was carried out at a low potential (1.5 V vs. 

Li+/Li), the sample with the lowest silica content (XS = 3.9 wt.%, highest mesopore volume) 
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displayed the best cycling stability, with a stable reversible capacity of 167 mA.h/g after 200 

cycles (Figure 7). The intermediate sample (XS = 40.4 wt.%) remained quite stable also, with a 

capacity stabilized at 148 mA.h/g. The non-etched material (62.6 wt.% SiO2) showed a 

somewhat different behavior, with an increase in capacity over the first 20 cycles, followed by 

a decay afterwards. The other compositions (not represented for the sake of clarity) were 

positioned in-between the shown plots. An opposite behavior was observed upon performing 

the Li+ extraction up to 3.0 V vs. Li+/Li. In this case, the sample with the lowest silica content 

(XS = 3.9 wt.%) systematically experienced cell-failure after a few charge-discharge cycles. 

Possibly this structure was not stable enough to withstand such high levels of lithiation and 

delithiation. On the opposite, the samples bearing the highest SiO2 fraction showed the best 

cycling stability. It seems thus that the residual silica could play a role in reinforcing the OMC 

structure if the cycling is performed in a wide potential window. 

Figure 7. Reversible charge capacity as a function of cycle number for selected compositions 

of OMC/SiO2 hybrids, at 50 and 100 mA/g. The maximum de-insertion potential was fixed at 

1.5 V vs. Li+/Li (a) and at 3.0 V vs. Li+/Li (b). In this latter case, the sample with 3.9 wt.% SiO2 is 

not represented due to cell failure.  

 

The rate capability of the materials was evaluated upon cycling the electrodes up to 

500 mA/g (Figure 8). When the maximum de-insertion potential was set to 1.5 V vs. Li+/Li, 

capacities between 115 and 135 mA.h/g were obtained for all of the investigated 

compositions. This value increased up to 150 mA.h/g when the charge was carried out up to 

3.0 V vs. Li+/Li, which is quite in line with values recorded in other studies for CMK-3-type 

ordered mesoporous carbons [12]. From these observations, it seems that, if high currents are 

involved, the quantity of residual silica, and so the mesopore volume, do not seem to play any 

role on the recorded values of capacity any more. 

a b 50 mA/g 100 mA/g 50 mA/g 100 mA/g 
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Figure 8. Rate capability of selected compositions of OMC/SiO2 hybrids at 50, 100, 200 and 

500 mA/g. The maximum de-insertion potential was fixed at 1.5 V vs. Li+/Li (a) and 3.0 V vs. 

Li+/Li (b). 

 

Figure 9 illustrates the long-term stability of the two best materials for the two 

investigated cut-off voltages. The materials were cycled for 100 cycles at 50 mA/g, followed 

by 100 cycles at 100 mA/g and then three consecutive variable rate programs up to 500 mA/g. 

As can be seen for both samples, the charge capacities remain very stable over time. The 

capacity loss between cycle 100 and 350 equals 4.5 % for the sample with 3.9 wt.% SiO2, 

whereas essentially zero loss could be evidenced for the sample with 62.6 wt.% SiO2. These 

results support the general observations that ordered mesoporous carbons display very good 

cycling stability, probably owing to their regular pore structure [7, 14]. This excellent stability 

as well as the good and constant rate capability further support the idea that ordered 

mesoporous structures are highly favorable for the good diffusion of the Li+ ions [9-10]. 

Figure 9. Long-term cycling of the best OMC/SiO2 hybrids. The maximum de-insertion 

potential was fixed at 1.5 V vs. Li+/Li for the sample with 3.9 wt.% remaining SiO2 (b) and 3.0 

V vs. Li+/Li (a) for the sample with 62.6 wt.% remaining SiO2. 

50 mA/g 100 mA/g 
200 mA/g 500 mA/g 

50 mA/g 50 mA/g 100 mA/g 
200 mA/g 500 mA/g 

50 mA/g 

a b 

a b 
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The last question that needs to be addressed is the exact role of the silica present in 

the hybrid materials. From Figure 4, one can see that, during the first Li+ insertion, the plateau 

was shifted towards lower potentials as the content of residual silica increased. In Figure 7, 

the non-etched sample displays a different behavior with an increase in capacity during the 

first series of charge-discharge cycles, but only if the latter were performed between 0 and 

1.5 V vs. Li+/Li. As a matter of fact, some reports in the literature suggest the use of SiO2 as an 

anode active material for Li-ion batteries [9, 40-41]. During the first cycles, the SiO2 could react 

with Li+ ions to irreversibly form mainly insoluble and inactive Li2O and Li4SiO4, together with 

the release of Si, though other lithium silicate species could also be formed [42]. Silicon is in 

turn known to be a high-capacity anode material, with a capacity up to 4200 mA.h/g upon 

alloying to form Li4.4Si. 

 

 

Figure 10. Cyclic voltammetry curves for the first cycle at a rate of 0.05 mV/s. () 3.9wt.%, () 

25.0 wt.%, (×) 40.4 wt.% and () 62.6 wt.% residual SiO2. 

 

Figure 10 shows the cyclic voltammetry curves for the first cycle of selected OMC/SiO2 

hybrids used in the present work. The samples with a low residual silica content showed a 

large reduction peak at about 0.7 V vs. Li+/Li, corresponding to the SEI formation. The sample 

containing 40.4 wt.% residual SiO2 displayed two distinct peaks, whereas the non-etched 

sample (62.6 wt.% SiO2) exhibited a single peak located at 0.57 V vs. Li+/Li. According to the 

literature, this potential value could correspond to the above-mentioned reduction reactions 

of Li+ ions with SiO2, resulting in Li4SiO4 and Li2O [41]. There was however no oxidation peak 

during the de-lithiation of the materials, suggesting that only irreversible processes occurred 
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during the first cycle, without evidence of any further contribution of the formed products to 

the lithiation/de-lithiation capacity. At this stage, it is thus difficult to determine whether the 

silica could participate as a fraction of active material and, if so, to what extent. Furthermore, 

it is also unclear if such reactions also occur in the samples containing the lowest quantities of 

residual SiO2. Looking at the curves at higher potential, the contribution to de-insertion is also 

clearly evidenced with higher measured currents for the sample with the lowest residual SiO2 

(highest mesopore volume), confirming the wide potential range needed to retrieve the 

lithium ions, in accordance with the observations described in Figure 5. 

Despite the open question regarding the role of silica as an active species, the hard-

templating route towards OMCs followed by partial etching of the silica template can be 

considered as a useful tool to determine the influence of the mesopore volume on the 

electrochemical behavior of these materials as anodes for Li-ion batteries. This has been 

rendered possible by carefully characterizing the texture of the electrodes, using a water-

soluble binder that preserves access to the pores of the material and by systematically 

analyzing the values of capacities as a function of the applied final voltage. 

4. Conclusions 

Ordered mesoporous carbons (OMCs) were successfully synthesized by the hard-

templating method using a low value creosote as precursor. The partial etching of the silica 

template afforded a complete series of materials displaying increasing mesopore volumes, 

aiming at better understanding the influence of this parameter on the electrochemical 

behavior of OMCs as anodes for Li-ion batteries. A clear linear relationship could be 

established between the Li+ insertion capacity and the mesopore volume of the samples 

processed as electrodes in the presence of a water-soluble binder. The de-insertion of Li+ ions 

followed the same trend, but distinctions were made regarding the potential at which this 

phenomenon occurs. Upon decoupling the contributions between 0 and 1.5 V vs. Li+/Li from 

those between 1.5 and 3.0 V vs. Li+/Li, the results clearly show that the relative fraction of ions 

that could be recovered was larger at higher potential when the mesopore volume of the 

material was higher. This to say that high mesopore volumes favor the accessibility of the 

structure to a large fraction of Li+ ions that also become more difficult to extract. These 

materials further showed very stable cycling and a good rate capability, where the remaining 
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silica probably also contributes to stabilizing the structure, especially when a wide potential 

window was applied. 

This work has underlined the importance of carefully characterizing the pore texture 

of the electrodes before drawing any conclusions regarding the effect of the pore texture on 

the observed electrochemical behavior. Also, we emphasize the importance of considering 

the Li+ extraction maximum potential, since a high voltage can indeed allow for good lithium 

retrieval, but under conditions that are not realistic for negative electrodes in real batteries. 
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